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The electrical and photovoltaic properties of single heterojunction
(SH) Ph. Sn Te diodes have "been studied. SH diodes were fabricated by
sequential depositions of p-type Pb_ ogSn. *j,Te using stiochiometric
source material and n-type Pb„ o 5n 2QTe using metal rich source materi-
al. At T = 77 K, their energy gaps are 0.136 ev and 0.103 ey f respective-
ly.. SH diodes of good rectification with.R A products ranging from 3.5
to 18.6 have been obtained. Operated at 100 K, 500 K black body photo-
voltaic responses up to 0.2 volt/watt has been obtained.
The current-voltage characteristics have been studied theoretically
based on both the Anderson Diffusion Model and the Thermionic Emission
Model. Using Andersorfe model, and assuming as = 0, constant electron
c
affinity across the junction, fair agreements have been found between
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D - hole diffusion constant
P
E - energy gap
E 4 - energy gap on n-side
E 2
- energy gap on p-side
&E - difference in energy gaps across the junction
6
aE - conduction band discontinuity
aE - valence band discontinuity
J - current density
J - saturation current
o
K - Boltzmann constant
N - carrier concentration
N.« - hole concentration on p-side
N-., - electron concentration on n-side
Q - electron charge
R - zero bias resistance
o
T - temperature in K
V - applied voltage
VB_
- junction barrier to electron flow
V..J,
- junction barrier to hole flow
V_ - junction barrier
8

X - fraction of holes with sufficient energy to cross the barrier
which actually do cross





- dielectric constant on n-side
€_ - dielectric constant on p-side
y - deviation from ideal diode
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The heterojunction semiconductor diode was first reported by R. L.
Anderson in 1962.DJ His work was on the Ge - GaAs heterojunction. Since
then, many other heterojunctions have been reported > including work byi
Van Opdorp and Kanerva on Ge - Si [z} j Hinkley and Rediker on GaAs - InSb
£3] I Donnelly and Milnes on Ge - GaAs £4]]; and Dutton and Muller on CdS -
CdTe [_5\. Most recently, another heterojunction study was reported by
J, Fernandez in a thesis at the Naval Postgraduate School on Ph. Sn Te
£6], This thesis is an extension of that work.
The term heterojunction is used to describe a semiconductor junction
with different energy gaps on each side of the junction. In addition,
the materials on either side of the junction usually have different elec-
tron affinities, fermi levels, dielectric constants, and doping concen-
trations. Heterojunction devices fall into one of two broad classifica-
tions 1 anisotype or isotype. The anisotype heterojunction has an n-
layer on one side of the junction and a p-layer on the other side. The
smaller of the energy gaps may be on either the n or the p side and may
be in either the heavy or light doped layers. The isotype heterojunction
has the same type majority carrier on each side, but with one side doped
+ +
much higher than the other side; for example, n - n or p - p .
This thesis will be concerned with the anisotype heterojunction. The
n layer Is Pb- qqSHq
2QTe which has the smaller energy gap (E . = .103 ev)
at.77°K. The p layer Is pb




The Ph. Sn Te alloy semiconductor has been actively developed in
recent years because of the unique property in that the energy gap can
be made small by varying the alloy composition (varying x in Pb< Sn Te).
Consequently, PbSnTe has significant applications in the long wavelength
infrared (LWIR) spectrumj specifically in the 8-14 micron atmospheric
window. Until the recent work here at the Naval Postgraduate School,
and possibly a few other laboratories like North American Science Center,
Naval Ordinance Laboratory and Naval Research Laboratory, all the junc-
tion developments in PbSnTe have been homojunctions . Practical LWIR
devices using PbSnTe have been very actively developed in the past two
to three years,
It is the purpose of this thesis to continue research in the hetero-
junction already begun under the direction of Dr. T. F. Tao.
In conjunction with this thesis Capt. A. E. Romsos, U.S.M.C., has
studied the photo response of the diodes. His results and work have been
reported in another thesis which was completed in June 1973. The results
of his work will be briefly mentioned in Part IV of this thesis.
B. PURPOSE OF THIS THESIS
.1. Theory
The purpose of the theoretical portion of this thesis isi
a. Develop a band diagram for the anisotype single heterojunction
Pb, Sn Te diode.1-x x
b. Calculate I-V characteristics.
c. Calculate C-V characteristics.
2. Experiment
The purpose of the experimental portion of this thesis is
i
a. Manufacture anisotype single heterojunction PbSnTe diodes.
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b. Justify proposed band diagram.
c. Measure their I-V characteristics and compare with theory.
d. Measure their G-V characteristics and compare with theory.
e. Measure their photovoltaic properties.
f
.




A. Pb, Sn Te HARROW GAP SEMICONDUCTOR
Fbu Sn Te Is a pseudo-binary alloy with the B, rocksalt structure.
Its energy gap depends on the composition, temperature, and pressure in
a special way as explained by Dimmock et. al.^TL *n ^e band inversion
model. This model is shown in Figure 1. The variation of energy gap
with composition is shown In Figure 2. Melngailis and Harman have re-
ported experimental evidences to support this model [Bj,
By controlling the composition, temperature, and pressure the energy
gap may be made as small as desired. Consequently, this semiconductor
has Important application In the long wavelength Infrared atmospheric
window (8-1^ micron). Good single crystals can be produced, thus making
It possible to fabricate infrared detectors as well as junction lasers.
In recent years, Ph. Sn Te has been developed with emphasis on the
bulk crystals used In homojunctions.
The growth techniques Include liquid epitaxy [9~], Czochralskl [l0~],
open-tube vapor growth [[ll3» closed-tube growth £l2], and Bridgman jj.2].
Ph. Sn Te homojunction devices have been developed today both as
detectors and lasers. Recently, J. Fernandez reported a Ph.
_
Sn Te anlso-
type, thin film heterojunction [[6],
J. Fernandez used the evaporation method to grow single crystal thin
films on the cleaved (100) plane on KCL. Carrier concentration in his
17 -3





















A heterojunctlon is a junction between two different semiconductors
having different energy gaps. The first reported heterojunctlon was by
R. L. Anderson in 1962 £lj. His junction was made between Ge and GaAs.
Since this work, a large number of other heterojunctions have been
studied such as InP - GaAs, GaP - GaAs, InAs - GaAs, Ge - Si, etc.
In growing heterojunctions using two different III - V compound
semiconductors, problems have been encountered in maintaining good crystal
growth and having a minimum of interface states at the junction. To
counter these problems, the alloy heterojunctions have been developed.
They seem to have more promise for device application. Two outstanding
examples are the GaAs - GeAs..
_
P and GaAs - Ga, AL As heterojunctions,
2. Band Diagram and Model
The homojunction is a junction with the same energy gap, electron
affinity, and dielectric constant on both sides of the junction. Thus,
the junction barrier to electron flow is the same as that to hole flow.
The conduction bands and valence bands remain everywhere parallel to the
vacuum level with a smooth transition at the junction.
In the heterojunctlon, the situation is more complicated. The
difference in energy gaps and electron affinities across the junction
cause discontinuities in either the conduction or valence bands or both.
These discontinuities appear at the interface. In addition, the growth
of two crystals of different lattice constants creates a transition region
at the interface of dangling bonds. These dangling bonds create inter-
face states and electric dipoles at the interface. The model for a
heterojunctlon will depend on the material used to fabricate the
17

heterojunction. This model can be quite complicated. The model may be
further complicated by tunneling and/or a generation-recombination mech-
anism.
Before describing a model and the theoretical calculation for
Fb. _Sn Te studied in this thesis, the work of others pertinent in devel-
oping the theoretical analysis in Part III will be reviewed.
The first theory of the anisotype n-p single heterojunction diode
was proposed by R. L. Anderson in I96Z [l]. The simplified energy band
diagram is shown in Figure 3. The figure is drawn for a large energy
gap p side and small energy gap n side heterojunction diode (n-p hetero-
junction diode).
From the figure for the case of the n-p junction, the zero bias
barrier to electrons, VBg lsi
VBE D C
The zero bias barrier to holes, VgH isi
Additionally 1
AEC+ AEy = Eg2 - Bgl = AEg
The barrier to hole flow is less than that to electron flow by ^Eg .
In
the case of Ge - GaAs for which Anderson proposed the model, he then as-
sumed that the hole current would dominate. From this, the equations for
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Figure 3t Anderson's n-p Model Band Diagram
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Anderson's model is an extension of the ideal homojunction
diode theory to include the difference in energy gaps. It represents a
first order approximation and as such has served as the basis from which
other researchers of the heterojunctions have started.
In 1966, Donnelly and Milnes reported their findings comparing
Ge - SI and Ge - GaAs heterojunction L**0, £l3]. They found that Anderson's
model was Inaccurate for the Ge - Si. This was due to the Interface state
density at the junction and the electric dlpole found across the junction.
The lattice mismatch for Ge - SI Is approximately ^ while for Ge - GaAs
the lattice mismatch is 0.0?^. Donnelly and Milnes reported that Ander-
son's model was valid as a first order approximation in the n-p Ge - GaAs,
But, for p/n Ge - GaAs, a recombination-tunneling model was used.
The primary cause for the deviation from Anderson's model Is that
of the lattice mismatch. When two crystals of different lattice constants
are grown together, a transition region exists which will contain dangling
bonds. From these dangling bonds arise interface states which can act as
either charge centers or recombination centers. Also, from the dangling
bonds, electric dipoles can be formed across the junction. The effects
of the interface state density and electric dlpole on the current/voltage
and capacitance characteristics are included in references [k] and L8^»
When the lattice mismatch is small, the effects of these factors can be
neglected (Anderson's Model).
Other deviations from Anderson's model include the effects of
charge carriers tunneling across the junction via the Interface states,
charge carriers tunneling through the discontinuity spike In either the
conduction band (electrons) or valence band (holes), the effects of deep
Interface state energy levels, thermionic emission, etc.
20

C. DEPOSITION OF FILMS
1, Introduction
J, Fernandez had some successes In growing single crystal Ph. Sn Te
heterojunction diodes using the one "boat evaporation method £6], He was
able to grow good quality, single crystal n and p layers with carrier con-
17 -3
centrations in the low 10 cm range.
The carrier concentration and carrier type of Pb, Sn Te can he
" 1 -x x
controlled hy an Isothermal annealing process. Both p and n type semi-
16 -3
conductors can he ohtalned with carrier concentrations in the 10 c$T
15 -3
range and on a few occasions as low as mid 10 •'cm , This procedure does
not lend itself well to the making of alloy heterojunction diodes where
alloys of two different compositions are present.
J. Fernandez found that hy using metal rich (Ph. Sn ) Te, n type
thin film semiconductors could be made with carrier concentration in the
low 10 'cm range [6], This is the method that will be continued in
this thesis,
2, Preparation of Source Material
For the p layer, stiochiometric Pb- o^Sn-. ..jjTe alloy was used.
For the n layer metal rich (Pb onSnn ?f.) Te was used where y was greater
than 1.0. Since excess FbSn acts as donors, by increasing the amount of
PbSn, the semiconductor can he changed to n-type. Y has "been varied from
1.002 to 1.030.
The source materials were made from 99.9999% pure Pb, Sn, and Te,
Weighing was accurate to + 0.0001 gram. The proportion of Pb, Sn, and
Te was calculated using the following formulas
t
Sn = 1.0











118.69 (f-g) + 207.19
Y « 127.60 (W Sn)
118.69 (W Te)
where the W indicates the actual weight in grams.
After weighing, the elements were vacuum sealed in quartz ampoules.
They were then put in a furnace at 1150 G for 2h hours. After removal from
the furnace, they were rapidly quenched in water in order to prevent ex-
cessive precipitation. The alloy ingots were then crushed into small
pieces to be used in the evaporation boat.
Optical and Hall thin film samples were deposited on cleaved KGL
substrates using the source material for the purpose of characterizing
metallurgical, electrical and optical properties. The deposition proce-
dure will be covered in the next section.
The metallurgical evaluation was performed to obtain information
as to the thin film thickness, crystal structure, orientation, and compo-
sition. The thickness was obtained from the interference pattern in the
transmission (or reflection) measurement using a Perkin - Elmer spectro-
photometer. The crystal structure was determined using the x-ray laue
picture technique. The orientation and composition were obtained with a
Norelco x-ray diffractometer using a copper target.
It was found that consistent single crystal growth in the (100)
orientation was obtained from growth as KGL substrates. The sample
thicknesses varied from 2-8 microns.
The electrical properties were characterized using the Hall and
conductivity measurements, to give the Hall coefficient, mobility,
22

Figure k. Hall Measurement
Equipment
Figure 5. Hall Dewar Gold Finger
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conductivity, carrier concentration, and carrier type. The Hall measurement
setup is shown in Figure 4, The Hall measurements were carried out from
8yK to 300TC using liquid nitrogen to cool the samples, A 1 ma d.c.
current was used. The electrical contacts were made by using silver epoxy
to contact 3 mil copper wire to a gold pad deposited on the side arms of
the Hall sample. It was found that hy depositing gold pads before using
the silver epoxy, smoother curves were obtained from the Hall measurements.
The contacts were then mounted onto the cold finger using thermal con-
ducting grease. The system was kept below 20 microns of vacuum during
measurement. The cold finger used is shown in Figure 5«
Table I summarizes the results of electrical properties of thin
films made from several different FbSn rich Pb- o Snn 2n^e source materials.
Source materials A through H were made by J, Fernandez,
It should be noted that p type thin films were obtained using
source materials C, E, F, G, and H, The reason for this is not under-
stood. Since the purpose of this thesis is to study the heterojunction
diode, these samples were not investigated any further.
Most of the heterojunctions made for study in this thesis were
made from I and J source materials. Results from Hall measurements for
several tests are presented in Tables II and III,
3. Deposition of Films
Two different deposition procedures were used during the course
of this thesis. The first was a single source deposition chamber, the
Becond, a multisource system. Both procedures will be described below.
In the single source procedure, a one-boat evaporation technique
Bometimes known as the Knudsen method is used. The material to be evapo-
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souece material i hall measurements
Carrier Concentration Mobility
Sample (1 /cm3 ) Carrier
N
Type (cm A-sec)
2-5 6.8 x 1016 7235
1 -5 4.5 x 1017 N 10,302
1-2 4.0 x 1017 N 9980




SOURCE MATERIAL J HALL MEASUREMENTS
Carrier Concentration Mobility
Sample (l/cm3 ) Carrier Type
N
(cm /v-sec)
5-2 2.3 x 1017 h&3
5-3 2.3 x 1017 N 9239
5*5 2.8 x 1017 N 2297
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in the top cap. The boat is then placed Inside a tungsten "basket
heater, as shown in Figure 6.
Next KGL crystals are cleaved to a thickness of about 1/8 inch
and mounted in the substrate holder shown in Figure 7. The masks in-
stalled in the substrate holder permit growing of both optical and Hall
samples. The two masks are shown in Figures 8 and <?• Usually two op-
tical samples and four Hall samples were made during each deposition.
The seventh position was used for a thermocouple to moniter the sub-
strate temperature. The substrate holder was then placed in position
over the chamber. The substrate heater was placed over the substrate
holder. The arrangement is shown in Figures 10 and 11.
A shutter was then placed between the substrate and the boat.
The boat was shielded inside a molybdenum enclosure to decrease heat
losses.
With the equipment in position the hell jar was lowered and
-6
the chamber evacuated to 10 torr vacuum. The substrate heater was then
turned on. Substrate temperatures of 240 C - 270 G were used. The tungsten
basket heater was then turned on and the boat was heated to between 650 C-
760 G, Once the boat was at the proper evaporation temperature, evapora-
tion onto the shutter was done for about 5 minutes allowing the initial
sublimations to be deposited on the shutter. The shutter was then swung
out of the chamber and evaporation onto the substrate began. The length
of time of deposition was determined by the desired thickness. This also
varied with the boat and substrate temperatures employed. Table IV pre-
sents data on some of the depositions made.
After the desired evaporation time, the shutter was returned into
the chamber between the substrate holder and the boat. The boat heater
28

Figure 6. Single Source
Basket Heater
Figure 7. Substrate Holder
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'Figure 8. Hall Sample Mask
Figure 9. Optical Sample Mask
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Figure 10. Substrate Holder
In Position
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and the substrate heater were turned off. A period of about 6 hours was
allowed for cooling. Normal pressure was then restored in the chamber.
The samples could then be removed.
If Hall and optical samples were being made for metallurgical and
electrical characterization, only one deposition was necessary. When
heterojunctions were made, two depositions were required. After the first
deposition, the system was opened. The boat was changed to one containing
the material for the other layer. Usually the n layer was
evaporated
first followed by the p layer. Next the four Hall samples were removed
from the substrate holder and four new pieces of KCL crystals installed.
The two optical samples remained In place. The second layer was grown
on top of the layer already on the optical samples forming the hetero-
junction diodes. With the changes made, the deposition process was re-
peated. The length of time the system was exposed to the atmosphere for
the changes and pump down was normally about 25 minutes. This means that
the interface between the two layers in the heterojunction was exposed to
the atmosphere for this period of time. The effects of this exposure will
be discussed in Part IV.
In order to eliminate exposure of the interface to the atmosphere,
Mr. Ray Zahm designed a multisource deposition unit. In this design,
shown in Figure 12, two deposition chambers are used. One for the n type
layer and one for the p type layer. The loading of the boats In each
chamber is identical to the single source deposition unit. The substrate
holder Is only loaded once In the multisource system. Monitor Hall sam-
ples for deposition of each layer cannot be made. The substrate holder
is then placed in position on the rotatable top platform. The substrate
heater Is placed over the substrate holder. The chambers are enclosed in
33

a quartz tube to prevent the vapor from spreading all over the vacuum
system. The assembled system is shown in Figure 13. The hell jar is
-6
then lowered and the system is evacuated to a vacuum of 10 torr.
The substrate is then rotated to a vacant chamber, see Figure 14.
This places a shield (the top plateform) over the chamber to be used first.
The substrate heater and the boat heater are then heated to the desired
temperatures. Initial evaporation onto the top plateform is allowed for
5 minutes to capture the initial deposits. The substrate holder is then
rotated to the chamber for evaporation of the first layer.
This is shown in Figure 15. When the desired evaporation time
has been reached, the substrated holder is again rotated to a vacant cham-
ber as shown in Figure 14. The boat heater in the first chamber is turned
off and the heater in the second chamber is brought up to temperature.
Once up to the desired temperature, evaporation onto the top plate is al-
lowed for 5 minutes. The substrate holder is then rotated into position
over this chamber for deposition of the second layer, see Figure 16. Note
that Figures 14, 15, and 16 were taken with the bell jar raised. When in
operation the bell jar would remain down throughout the deposition.
When deposition was completed, the substrate holder was again
rotated to a vacant chamber. The substrate heater and boat heaters were
turned off. A period of 6 hours was allowed for cooling before removing
the samples.
The advantage of this system over the single source system is in
the fact that the entire deposition procedure is carried out under vacuum
of 10"^ torr. As will be discussed in Part IV, better heterojunctions
seem to have been made in the multisource system.
A disadvantage in the multisource system as presently utilized is









Figure 15. Substrate in Position
for First Deposition
Figure Ik. Substrate Over
Vacant Chamber









teen found in this study and also reported in reference £6J that for a
given source material when evaporation parameters (substrate temperature,
"boat temperature, deposition time, type substrate) are held constant, the
films grown have very similiar electrical and metallurgical characteris-
tics. This fact decreases the need for monitor samples. Before making
any heterojunctions in the multisource system, simple layer films of Hall
and optical samples were first grown in test depositions for preliminary
characterization. The evaporation parameters used in these test deposi-
tions were repeated during the making of the heterojunction. The time of
deposition was varied to yield the desired thickness. The thickness of
each layer can only he estimated from known heater temperatures and dep-
osition times. Table V presents data on some of the single film deposi-
tions made in the multisource system.
After deposition of the films a thin (5000 X) layer of gold was
deposited onto the heterojunction.
k, Quality of Films
The thin films grown in both the single and multisource systems
showed good adherence to the KGL substrate. Their thickness varied from
1-10 microns. Single crystal growth was consistently obtained,
KCL substrates were used for the following reasons 1 a) good ad-
herence of thin films, b) (100) crystal orientation, c) dissolubility in
water, d) ease of cleaving, and e) consistent single crystal thin films.
The KGL crystals used had a high density of cleavage steps which were
manifest in the thin films. One problem possibly due to these cleavage
steps was encountered when the thin film first grown on the substrate was
quite thin, less than 2 microns, and then a thick layer of 6 microns in
the next layer. When the KGL substrate was dissolved away and gold depo-
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short circuits. It is "believed that at the cleavage steps the gold may-
have diffused through the junction as the thickness of the layer at these
cleavage steps may be very thin. It is most likely that the cleavage steps
in the diodes have adversely effected the diode characteristics. The de-
gree of this effect has not "been examined as no attempt was made to remove
any of the cleavage steps.
40

III. THEORETICAL STUDY OF Fb^S^Te HETEROJUNCTION DIODES
A. INTRODUCTION
Ph, Sn Te material technology has not been advanced to the stage of
elimination of material problems. The mechanism of conduction and the
origin of charge carriers is not completely understood. As such, many
inconsistencies are encountered. The location of Impurity energy levels
within the energy gap is not known. The preparation of thin film Ph. Sn
Te heterojunction diodes is a completely new procedure. Whenever thin
film devices are made, material difficulties are more pronounced. Be-
cause of the newness of this work and the material problems known to ex-
ist, the theoretical model developed will at best be a first order approx-
imation to Ph.
_
Sn Te heterojunction diode behavior. This theoretical
model is very helpful in research to provide a guide in the evaluation of
fabricated diodes. As Ph. Sn Te heterojunction research is continued,
the first order approximation can be improved and refined.
B. THEORETICAL DIFFUSION MODEL
In selecting a model to be used for the Ph, Sn Te, the first consid-
eration must be the amount of lattice mismatch at the interface. Donnelly
and Milnes have reported that Anderson's model is a good first order ap-
proximation for Ge-GaAs with 0,07% lattice mismatch but not for Ge-SI with
a Uff> mismatch [l3].
Bis and Dixon have reported that for small deviations from stlochi-
ometry Vegard's Law applies. This law states that the lattice constant
of an alloy is linearly dependent on the mole fraction ratio in the alloy
[lk]. The lattice constant for SnTe is 6.327 X and for PbTe is 6.460 X
41

£l4]. The largest deviation from stiochiometry In the metal rich
materials is 3%. The lattice constant for the n type layer, of x - 0.20,
is then calculated to be 6.346 % and for the p type layer, of x = 0.1**,
6.354- X. The lattice mismatch is then 0.126#. This is larger than for
Ge-GaAs but significantly smaller than for Ge-Si. Since interface states
find their origins in dangling bonds created by lattice mismatch, and
since the Fb
t
Sn Te heterojunction diodes studied here display a lattice
mismatch on the order of Ge-GaAs, it is assumed the interface state density
can be ignored. Furthermore, there are evidences indicating that the e-
lectrical properties of 4-6 compound and alloy semiconductors are not af-
fected by lattice defects at the surface as in other semiconductors. A
most convincing support of this fact is the success of fabricating Schottky
barrier Fh, Sn Te diode laser which indicated that the surface layer of
Fb, Sn Te is still of high enough quality to permit efficient luminescence1-x x
and lasing [7], It is also assumed that tunneling does not occur across
the junction via interface states.
Since the materials on each side are different only by 6% mole fraction
ratio (x = 0.14 for the p type and x = 0.20 for the n type), it is assumed
both sides of the junction have the same dielectric constant (400 ) and
the same electron affinity. There has been some evidence that the die-
lectric constant may be smaller. The assumption of the constant electron
affinity across the junction is significant in the structure of the energy
band diagram. The electron affinity represents the energy required to
lift an electron from the bottom of the conduction band to the vacuum level,
The conduction and valence bands are always parallel to the vacuum level.
Thus all the discontinuity at the junction will appear in the valence band.
AEc is equal to zero.
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To complete the energy band diagram one more assumption is made. At
17 -3
carrier concentrations of low 10 cm Fb« Sn Te becomes degenerate.
It is assumed that the fermi level is located at the bottom of the con-
duction band on the n side and at the top of the valence band on the p
side. Prom this assumption V- will be equal to the energy gap on the p-
side.
The simplified energy band diagram proposed for this thesis is shown
in Figure 17.
From the geometry of Figure 17 and the assumptions made the following
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Figure 17. Theoretical Diffusion Model





X the fraction of carriers with sufficient energy to cross
the barrier which actually cross the barrier
ILg = hole concentration on the p-side
VjjH hole barrier
V « deviation from the idea diode
D diffusion constant for holes
P
V - hole lifetime
P
V «* applied voltage
Since the harrier to hole flow is less than the harrier to electron
flow hy 0.033 ev, It is assumed that hole current will dominate.
To compute J , X must be known. Anderson calculated X from experi-
mental measurements of J . The same approach will be used in this thesis.
This will be discussed in Part IV. Other parameters used arei
Tl - 10"9 sec
P
D = 66,k cm /sec
P
N^ - 5 x 1017 cm"3
VBH
» 0.103 ev























N^p hole concentration on the p-side
Npi electron concentration on the n-side
€, dielectric constant on the n-side
€?
» dielectric constant on the p-side
VD
«* barrier voltage
The junctions studied in this thesis have approximately the same
carrier concentration on both sides of the junction. Anderson's equations
for capacitance and junction width simplify toi
»£(vD-vb,
Plotting l/C versus V the junction can he further analyzed. If the
l/C versus V is a straight line, then the junction is abrupt. The inter-
cept of this curve on the voltage axis occurs at approximately V... The
slope can be used to evaluate the carrier concentration using the follow-
ing formula
i
One of the purposes of the experimental portion of this thesis will be
to validate the use of the above model. This will be done in the following
steps
i
1) Check for exponential relationship in the I-V curve,
2) Check for l/T vs In I dependence,
3) Measure V- from I-V and V_ from C-V measurements,
4) Compare magnitudes of measured I-V and C-V character-
istics with the theoretical calculations.
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A computer program has been developed to analyze both I-V and C-V
data. These programs are included at the end of the thesis,
C. THERMIONIC EMISSION MODEL
In the Thermionic Emission Model, the capacitance calculations are
the same as for the Diffusion Model, The current calculation is different.
The Thermionic Emission Model for a heterojunction is presented by












A Richardson's Constant i
V- « barrier voltage
M^ = electron effective mass
e
V « applied voltage
h Planck* s Constant
J » deviation from the ideal diode
For Ph. Sn Te A* was calculated to be 2.3987. Assuming V_ 0.136 ev
-4 -2
J was calculated to he 3.7216 x 10 amp • cm
.
o
The barrier to hole flow is smaller than the barrier to electron flow.
If it is assumed that hole current dominates, and V_„, the barrier to hole
Jan
-2 —2
current, is used in place of V_ then J - 4.0552 x 10 amps • cm . VRH
was assumed to be 0.103 ev.
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A study of the references applicable to this thesis Indicates a strong
preference for the Diffusion Model over the Thermionic Emission Model for
heterojunctions , Also, in private communication with Mr. R. B. Schooler
of Naval Ordinance Laboratory, a preference for the Diffusion Model was
concluded. In work with PbTe diodes, Mr. Schooler has found that the




A. FABRICATION OF SINGLE HETEROJUNGTION Fb
1
Sn Te DIODES
After depositions of the films and gold layer, the sample was cleaved
into small pieces for mounting on TO-5 headers. The area of the diodes
-3 2 -2 2
varied from 1 x 10 ^cm to 4 x 10 cm , After cleaving, the small piece
was mounted on the header using silver epoxy. When the epoxy was dry, the
KCL was dissolved using deionized water. After the TO-5 header dried, a
1 mil copper wire was connected from the top of the thin film to the post
of the header. In some instances, two wires were connected from different
points on the sample to separate posts. This, in addition to providing
two measurement points across the same diode, permitted an evaluation of
the ohmic nature of the contact made by the epoxy to the thin film.
Whether the p layer was on top depended on which layer was deposited first.
Care must be taken in the mounting to avoid an overflow of the silver
epoxy at the edge of the sample. The use of a microscope in the fabrica-
tion of the diodes made working easier.
The geometry of diode construction is depicted in Figure 18. Four
series of Fb< Sn Te diodes were fabricated from 1*$ stiochiometric p-1-x x
.
*
type material and 20^ metal-rich J or I material. Identification of layers
for each series as well as deposition conditions is included in Table VI.
A-Series was fabricated in the single source system and monitor samples
were available from which the thickness could be measured. The remaining
series were made in the multisource system. Monitor samples were not
available to measure the thickness of each layer. The thickness was esti-





NOTE i Figure not drawn to scale.
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This series was made in the single source system. The junction
interface was exposed to the atmosphere for ahout 45 minutes.
When these diodes were tested on the curve tracer, no rectifica-
tion occurred until they had "been subjected to a high voltage. Until this
high voltage had been applied, the diode behaved as a very high resistance.
They often approached an open circuit. The amount of voltage required to
form the diode varied from 2-20 volts. As the voltage was increased on
the curve tracer to form the diode, the I-V characteristic would suddenly
change to a rectification curve when the forming voltage was reached.
Once the diode was rectifying, high voltages would burn it out. If the
diodes were then set idle for a few days, they usually required this high
forming voltage again to obtain rectification.
The current through these single heterojunction diodes was lower
than expected from theoretical calculations based on the theoretical
model, A sample I-V curve i3 shown in Figure 19
.
The "forming" behavior of these diodes was explained by the pres-
ence of a blocking oxide layer which was formed at the junction during
exposure to the atmosphere. The high voltage required to turn on the
diode was then smaller than expected because only the burned out area was
conducting and this was much smaller than the actual physical area of the
diode. It was then reasoned that the diodes had to be grown under a com-
pletely closed system. It was at this point in the study that Mr. Ray
Zahm designed the multisource system.
If the explanation of the diode behavior is correct, it may be
feasible to manufacture a metal-insulator-semiconductor. Oxidation should
be faster at higher temperatures. If the system was opened to the atmo-
sphere at temperatures higher than room temperature and left open, It may
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Figure 19. A-Series Diode
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"be possible to form an Insulating layer on which metal could be deposited
forming an MIS device. This idea has not been further investigated.
2, G-Series
This series was made in the multlsource system. When these diodes
were tested on the curve tracer, no voltage was needed. In fact, the
diodes could be easily burned out with voltages across the diode of less
than 200 mv, Photovoltaic response to a 300 watt light bulb was obtained.
None was obtained to a 500 K blackbody £l6], A sample I-V curve is shown
in Figure 20. The current will be compared with a theoretical analysis in
the next section,
3, D-Series
To try and improve the photovoltaic response the p-type layer
(larger energy gap) was placed on top to utilize the window effect.
The diode behavior was similar to the G-Series diodes except that
better photovoltaic response was obtained. Photovoltaic response to a
500 K blackbody was obtained JJL6], A sample I-V curve is shown in Figure
21.
k, E-Series
Both the G and D series diodes were found to rapidly deteriorate.
In 12 - 2k hours the diodes would cease to rectify. As they deteriorated,
their resistance approached an open circuit. They could not be restored
by applying forming voltage. E-series was made with both layers over 5
microns thick to see if the deterioration was caused by interaction of top
layers with atmosphere. This deterioration was not observed in the A-
Beries diodes.
The diode performance was similar to the D-series, The photo-
voltaic response to a 500 K blackbody was less than for the D-series £l6].
*

Figure 20. C-Series Diode
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Figure 21. D-Series Diode
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These diodes did not deteriorate as did the C and D series, I-V curves
of two samples are shown in Figures 22 and 23. Figure 22 is typical and
Figure 23 was the best diode obtained,
B. CURBENT - VOLTAGE ANALYSIS
The forward current - voltage characteristics for several diodes are
presented in Figures 2k through 23. The pertinent data from these diodes
is summarized in Table VII, The theoretical curve shown in the figures
was computed using Anderson's Diffusion Model. The diode curves are pre-
sented with the voltage drop across the series resistance removed.
In the formula for computing J , X, the fraction of carriers with
sufficient energy to cross the barrier which actually do cross the barrier,
was computed from the measured J . This is presented In Table VII. The
theoretical curve computation utilizes an average X of 3.95 which gives
—2 —2
J = 1.5 x 10 amps «cm , W was 6,8 in the theoretical calculations,
Since X represents a fraction of carriers, it should be a number less than
1,0, Several reasons are suggested as to why X was greater than 1.0. They
are i
(1) The energy gaps were calculated using the formula
E - 0.181 + (4.52) (10^) (T) - 0.568x
where
i
x «= mole fraction of SnTe to FbTe
T temperature In degrees Kelvin
By assuming that both sides are just degenerate such that the
fermi level is at the edge of the band means the hole barrier Ib just
equal to the energy gap in the n-type material (the smaller energy gap).
The energy gap calculation may be slightly in error.
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Figure 22. E-Series Typical Diode
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(2) Holes with insufficient energy to cross the harrier may he tunnel-
ing across the junction via interface states located in and near the spike
in the valence hand.
(3) The assumption that the semiconductors are degenerate may he in-
correct* However, there is evidence that the semiconductors are indeed
degenerate hut that the fermi levels instead of "being at the respective
hand edges may even he within the hand.
(*!-) The measured J may contain a very large component of current
arising from a shunt resistance to the diode. Because all four edges of
the diode are cleaved edges, it is very likely that considerahle leakage
exist along the edge. Additionally, the cleaving steps in the suhstrates
have not heen removed. This creates imperfections in the diodes. These
two factors may contribute a shunt resistance which greatly increases J ,
Figures 29 and 30 depict the In I versus l/T measured for several
diodes at a constant voltage. A straight line plot is shown.
Figures 31 through 33 are linear plots of the forward I-V character-
istics of several diodes. The voltage drop across the series resistance
has heen removed. The theoretical plots are the same values as used in
Figures 2k through 28, From these plots V^„ was measured. Table VIII
summarizes the measured values of V^,,.
DO.
A theoretical calculation of R , the zero bias resistance can be made
o'










» 1.5 x 10 amps .cm
,




































































S VBH " « 104
.100 .150 .200 Voltage
(Volts)
Figure 33. Linear I-V Characteristics For Diode E7
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R A product would "be 0,44- ohms «cm . For a diode with = 6.8, as used
in the theoretical analysis, R = 602 ohms. The R A product in this case
2
would he 3 01 ohms «cm . From the data presented in Tatle VII the average
—3 —2
R = 2160 ohms. For an area of 5 x 10 "cm the R A product is 10.8 ohms »
2
cm « If as noted ahove, the measured value of J contains a large compo-
nent of current arising through the leakage resistance and in fact the
actual saturation current is much smaller, then R and the R A products
o o
would he increased.
The I-V analysis has demonstrated a need to improve the quality of the
diodes made in order to refine the measured values of J , R , and V_ 7T .
o* o
1 BH
This is necessary to better analyze and compare the experimental results.
Two improvements in the fabrication procedures could include etching the
diodes and removing the cleavage steps from the KCL substrates.
C. CAPACITANCE-VOLTAGE ANALYSIS
The capacitance-voltage (C-V) measurement has been attempted using a
Booton Capacitance Bridge, Model 75D, with a 0.005 volt peak to peak,
1 MHZ, a-c signal. This measurement has failed to produce any meaning-
ful results. The theoretical analysis has indicated that the zero hias
6 2
capacitance should be ahout 2 x 10 pf/cm , The measured values have
been 3 orders of magnitude smaller. As the negative hias was increased,
very little change in the capacitance was notsd Also, the d-c bias ap-
plied has been damaging to the diodes, creating significant changes in
the diode I-V characteristics. The parallel resistance measured has been
quite small, on the order of 2-10 k-ohms. As a result of this very low
resistance, relatively high currents will flow through the diode at re-
verse hias conditions. It is felt that the heat generated by this current
accounted for the deterioration of the diodes.
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The results of the G-V analysis coupled with the seemingly high
value of J measured in the I-V analysis have indicated the need to im-
o
prove the quality of the diodes. Three sources of imperfections are felt
to he the sources of the trouble . They arei 1) the damage at the edges
of the diode created "by cleaving the diodes to the desired area, 2) the
cleavage steps in the diodes arising from the cleaving of the KCL sub-
strates, and 3) imperfections in the crystal growth, which has been
observed under the microscope.
To correct the problems in the diodes, it is proposed that an etch-
ing be performed on the diodes. After cleaving the diodes to an area of
-2 2
approximately 1 x 10 cm , the surface of the sample should be examined
under the microscope to determine the best area. This area should be
-3 2less than 1 x 10 cm . The remainder of the diode can then be etched
away. One etching technique that has been recommended by Dr. G. G, Wang,
Aerojet Electro Systems Company, is to apply a photoresist to the diode
to preserve the desired area and then submit the diode to a hydro-bromic
2
acid etching solution. He has recommended etching to an area of 16 mil
.
It is hoped that etching could improve the photovoltaic response, re-
duce J , reduce the parallel leakage in the G-V measurement, and provide
meaningful results from the C-V analysis.
7h

V. CONCLUSIONS AND RECOMMENDATIONS
A. CONCLUSIONS
N-type thin films can be deposited on cleaved KCL substrates using
metal rich (Fix, Sn ) Te where y varied between 1.005 and 1.03. The
17 -3
carrier concentration was in the low 10 cm ,
N-p heterojunctions displaying good rectification have been made
using metal rich source material for the n layer and stiochiometric source
material for the p layer. A typical saturation current measured experi-
-2 -2
mentally was 1.5 x 10 amps «cm . R A products varied between 3.5 ^d-
18.6 ohm -cm
.
Anderson's Diffusion Model was found to be a good first order approxi-
mation for the diode behavior. This was the preferred model. The Therm-
ionic Model was also found to be applicable as an approximation providing
an assumption was made that the hole current would dominate. This meant
that the hole barrier was used to compute J .
The proposed energy band diagram was found to be valid. This model
was used to perform the I-V analysis.
Two deposition procedures were used to fabricate the heterojunctions
.
The multisource procedure was found to be superior to the single source
procedure. In the latter method, exposing the interface to the atmosphere
seemed to have caused a barrier at the interface.
Photovoltaic response was obtained. Operated at 90 K, the 500 K
blackbody responsivity up to 0.2 volt • watt has been obtained. It was
found that the photo responses in diodes with the larger energy gap top
layer were more sensitive.
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Experimental analysis has indicated the need to improve the quality
of the diodes.
B. RECOMMENDATIONS
Future research efforts in the single heterojunction Fh, Sn Te diodes
should include i 1) etching the diodes to remove cleaving damage from the
edges and to reduce the diode area, 2) spectral response analysis should
"be performed to further verify the junction behavior, 3) C-V analysis
should he conducted to support the I-V analysis, 4) polishing the KGL sub-
strates to remove the cleaving steps, 5) investigation of different con-
tacts to the p and n layers, and 6) more accurate measurement of the
thickness of each layer using a scanning electron microscope.
Other heterojunction research should include i l) making of n source
material, with carrier concentration in the 10 cm range, to he used in
double heterojunctions, 2) investigations of the double heterojunction,
prohahly p-n-n
, 3) investigate the Schottky barriers to determine the
semiconductor surface properties, 4) Investigate heterojunctions made
from PbSnSe, 5) investigate lumlnence of heterojunctions, and 6) investi-
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The electrical and photovoltaic properties of single heterojunction (SH)
ft), Sn Te diodes have been studied, SH diodes were fabricated by sequential
lepositions of p-type Pb
n
o^Sn. .jj!e using stiochiometrlc source material and
i-type Pb_ onSn. ?nTe using metal rich source material. At T = 77 K, their
mergy gaps are 0.136 ev and 0.103 ev, respectively. SH diodes of good recti-
fication with R A products ranging from 3.5 to 18.6 have been obtained.
)perated at 100 K, 500 K blackbody photovoltaic responses up to 0.2 volt/watt
las been obtained.
The current-voltage characteristics have been studied theoretically based
>n both the Anderson Diffusion Model and the Thermionic Emission Model. Using
uiderson's model, and assuming E = 0, constant electron affinity across the
Junction, fair agreements have been found between measurements and
theoretical calculations.
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